Abstract. Partial atomic charges provide the most widely used model for molecular charge polarization, and Charge Model 4 (CM4) is designed to provide partial atomic charges that correspond to an accurate charge distribution, even though they may be calculated with polarized double zeta basis sets with any density functional. Here we extend CM4 to six additional basis sets, and we present a model (CM4M) that is individually optimized for the M06 suite of density functionals for ten basis sets. These charge models yield class IV partial atomic charges by mapping from those obtained with Löwdin or redistributed Löwdin population analyses of density functional electronic charge distributions.
Introduction
Molecular polarization is an important aspect of molecular structure, stability and reactivity; it accounts for the nonuniform distribution of electrons within a molecule and for changes in this distribution due to various interactions. Qualitative theories of molecular polarization are often used to interpret structure and reactivity. The present article concerns polarization effects within single gas-phase molecules, which may be considered to be the starting point for all discussions of polarization.
The degree to which molecular polarization is present in a molecule is called polarity. One measure of polarity is the dipole moment; however, dipole moments are only a single measure of a molecule's polarity, and dipole moments alone are insufficient to describe the charge distributions within a molecule. Partial atomic charges provide a description of polarity that is intermediate between giving the full electronic charge distribution and giving only the dipole moment. Partial atomic charges are not physical observables because they lack a unique definition that is associated with a quantum mechanical operator, such as the dipole moment operator or the electrostatic potential operator.
The variations in the partial atomic charges with respect to changes in the chemical environment, such as substitution, complexation, or solvation, are key polarization effects that can be quantified with partial charge models. Partial atomic charges are also used in molecular mechanics force fields [1] [2] [3] and for calculating the electrostatic contribution to the free energy of solvation using the generalized Born approximation. [4] [5] [6] [7] Numerous methods have been proposed for assigning partial atomic charges. These methods may be assigned to four distinct classes. 8 Class I charges are based on concepts from classical physics and are not based on quantum mechanical calculations. Class II charges are based on a reasonable partitioning of the electron density from a quantum mechanical wave function into atomic populations. Examples of Class II charges are the charges obtained by Mulliken population analysis, 9 Löwdin population analysis, 10 natural population analysis (NPA), 11 Hirshfeld population analysis, 12 atomic polar tensor population analysis, 13 and the population analysis proposed by Bader and coworkers. 14 Class III charges are partial atomic charges constrained to reproduce calculated physical observables such as electrostatic potentials and dipole moments. Schemes such as ChElP 15 /ChElPG 16 , electrostatic interaction energy (ESIE) fitting, 17 and those proposed by Kollman and coworkers 18, 19 are examples of Class III charges. Second-generation electrostatic fitting algorithms such as RESP 20 include restraints to tame unphysical conformational dependences that sometimes occur 21, 22 in electrostatic fitting. Finally, Class IV charges 8 are defined as charges that accurately reproduce or predict either charge-dependent experimental observables or well defined observables obtained by well converged quantum mechanical calculations.
A series of Class IV charge models 7, 8, [23] [24] [25] [26] has been developed for molecular orbital theory and density functional theory (DFT), including ab initio Hartree-Fock (HF) theory and hybrid DFT as special cases. These development efforts led to the recently proposed Charge Model 4 (CM4). 7 Class IV charge models have been designed to map Class II charges obtained from population analysis to accurately reproduce experimental (i.e., accurate) dipole moments. Dipole moments govern the electrostatic potential at long range. By parametrizing the models to reproduce the dipole moments of small, monofunctional molecules, we hope to obtain the correct bond polarity in both small and large molecules and thus to obtain realistic representations of the higher-order multipole moments as well as dipole moments in multifunctional molecules. The parameterized charge models simultaneously correct for the incompleteness of the one-electron basis set and the imperfect treatment of the electron correlation, and therefore the resulting partial atomic charges do not depend strongly on the density functional and one-electron basis set used to obtain the population analysis charges that serve as input to the mappings. Using a simple functional form for the mapping, the CM4 model provides an accurate, efficient, and stable means of assigning partial atomic charges. The CM1 charge model 8 was developed only for neglect-of-diatomic-differentialoverlap theory, but CM2, [23] [24] [25] CM3, 26 and CM4 7 may be used with ab initio HF theory and DFT. In this article, we extended the CM4 model so that it can be used with any basis set from for which we previously parameterized a CMx model (x = 2, 3, or 4). These basis sets include: 6-31G(d), 27-31 6-31+G(d), 32 6-31+G(d,p), 33 MIDI!, [34] [35] [36] MIDI!6D, [34] [35] [36] DZVP, 37 and cc-pVDZ. 38 The general CM4 model was also extended to include the following additional basis sets: 6-31G(d,p), 30,31,39 6-31B(d), 40 and 6-31B(d,p). 40 The parameters of the CM4 model for a given basis set are defined to be functions only of the percentage of Hartree-Fock exchange associated with the density functional, and thus they may be used with any exchange-correlation functional. However, somewhat higher accuracy can be obtained by parametrizing for a specific density functional. With this in mind, in this article we specifically optimize a set of parameters for use with the M06 suite [41] [42] [43] of functionals (M06, M06-2X, M06-L, and M06-HF); this model will be referred to as the CM4M model. The M06-2X and CM4M methods are then used to discuss polarization effects in a representative set of small molecules.
CM4 Model

Theory
CM4M is a special case of CM4, so we need only explain the equations for CM4.
As in previous CMx models, 7, 8, [23] [24] [25] [26] the charges for the CM4 model are mapped from Class II charges obtained using population analysis by the following formula:
where q k is the resulting CM4 charge on atom k, q k 0 is the input Class II partial atomic charge, and T kk´ is a quadratic function of the Mayer bond order [44] [45] [46] (B kk´) :
The CM4 parameters are the values of and 
Density Functionals
In previous work, the CM2 parameters were defined as functions of both the method used for the treatment of electron correlation and the one-electron basis set. The parameters of the more recent CM3 and CM4 models depend only on the percentage (X) of Hartree-Fock exchange used by the functional and on the one-electron basis set. CM4 parameters are determined by fitting C ZZ' and D ZZ' as a quadratic function of X, for example, The CM4 parameters are intended to be compatible with both current and future density functionals; however, the errors in charge-dependent observables can be further reduced if one optimizes the CM4 parameters for specific functionals. As an example, the optimal set of CM4 parameters for new M06 suite of functionals [41] [42] [43] were determined.
This model will be referred to as CM4M. The valence/core and polarization functions defined by Binning et al. 31 were used to define 6-31G basis functions for bromine, and the diffuse s and p functions (exponent = 0.035) for bromine were those defined by Winget and coworkers. 26 The 6-31B basis sets are not defined for Br, so we used the 6-31G definition for bromine in 6-31B calculations.
Basis Sets
Parameterization
The method for determining the CM4 parameters has been described previously. 7 The CM4 parameterization scheme is identical to the method used 26 in the development of CM3 parameters with one exception, namely that the CM4 D HC parameters describing the polarity of the C-H bond were fit to the partial charges from the OPLS force field model 53 for a series of 19 hydrocarbons, whereas the CM3 D HC parameters were fit to adjust the partial charges on ethylene and benzene to pre-selected values. The resulting CM4 partial atomic charges predict less polar C-H bonds than the previous CM3 model, as will be discussed in Section 3.2.1.
The list of parameters optimized for the CM4 model is given in Table 2 . The first step in fitting the parameters is to obtain the Mayer bond order matrix and the set of LPA and/or RLPA partial atomic charges for each of the 416 molecular geometries in the training set. The training set 26 consists of 19 hydrocarbon molecules and 397 conformational isomers of 386 unique molecules. Table 2 also describes the order in which the parameters were optimized and the number of atom-atom interactions affected significantly by each parameter during the optimization step. For this purpose, a significant interaction is defined as a bond order greater than 0.20. The choice of 0.20 was chosen as the bond order cutoff value to report the number of significant interactions, but since CM4 charges are continuous functions of bond order even for bond orders lower than this, the use of this cutoff value for Table 2 has no effect on the calculations. The Mayer bond order is a function of the one-electron basis set and the level of theory employed; thus the values in Table 2 
over the set of all the atoms in the 19 molecules of the C-H training set.
The remaining parameters were divided into five disjoint groups, labeled 2-6 in Table 2 . The parameters for each group were optimized in a stepwise manner such that the parameters for previously optimized groups were held fixed. For each group the parameters were optimized to minimize the sum of the squares of the deviations of dipole moments calculated from CM4 charges from a set of target dipole moments, which were either experimental dipole moments or dipole moments calculated from one-electron expectation values of the full electron density of singe-point mPW1PW91/MG3S 54 calculations. A nonlinear optimization procedure was used for the minimization.
The parameters for CM4 and CM4M for the 6-31G(d) basis set are given in Tables   3 and 4 , respectively. The 6-31G(d) parameters in Table 4 differ from those previously reported 7 for lithium, silicon and phosphorus. The Li-F parameter for the 6-31B basis sets were fixed at a value of 1.4. The corresponding mean unsigned errors broken down by functional group are given in Tables 5 and 6 . A summary of the errors for CM4 and CM4M charges obtained from the M06-2X density functional and the 6-31G(d) basis set are given in Table 7 , where they are compared to errors in dipole moments calculated from LPA charges or from the electron density itself. The CM4 and CM4M parameters and errors (as well as root-mean-square errors) for the remaining basis sets can be found in Supporting Information.
Computational Methods
All calculations were run with the M06-2X density functional using a locally modified version of the Gaussian 03 (G03) electronic structure program. 55 All CMx charges were calculated using the MN-GSM 56 module. Molecular geometries were optimized using the 6-31+G(d,p) basis set. Partial atomic charges using Löwdin population analysis and the CM2, CM3, CM4, and CM4M models were calculated at the optimized geometries using the 6-31G(d) basis set. The CM2 model is not parameterized for M06-2X; therefore all reported CM2 charges were calculated using BPW91 57 /6-31G(d). To avoid confusion, dipole moments calculated from the quantum mechanical operator are referred to as density dipole moments. Second-order Møller-Plesset perturbation theory 58 (MP2) with the aug-cc-pVTZ triple-zeta basis set 59 was used to calculate density dipole moments.
Polarization Effects
C-H Bond Polarity
As noted in Sect. 2.4, the major difference between the CM3 and CM4 models is the treatment of the C-H bond polarity. Since the parameter describing the C-H bond (D HC ) was the first parameter that was optimized, and all other parameters are optimized given a fixed value of D HC , the value of the parameter D HC plays a critical role in how the model assigns partial atomic charges. Our general experience with the CM3 charge model had convinced us that the C-H bonds were somewhat too polar; therefore we changed the strategy for obtaining D HC in the CM4 model, as compared to CM3. The choice we made, optimizing gas-phase charges to the OPLS charges, is formally inconsistent because OPLS charges are designed for use in liquid-phase simulations and should be slightly more polar than gas-phase charges. However, this strategy produced partial charges less polar than those we used in CM2 and CM3, and it provided accurate solvation free energies in the SM6 implicit polarizable continuum solvation model, and the fitting strategy seems to be a good compromise between the considerations that led to the more polar C-H bonds of CM2 and CM3 and the practical experience that dictated less polar C-H bonds than CM3.
As shown in Table 8 , the CM3 model predicts the most polar C-H bond of any of the CMx models; however, all CMx models predict significantly less polar C-H bonds than Löwdin population analysis.
Polarization effects from substituting chlorine atoms for hydrogen atoms in methane are given in Table 9 . The table shows that C-H is less polar in CM4 than in either CM2 or CM3. Furthermore, this table illustrates a basic intramolecular polarization effect in that the atoms in the C-H bond take on increasing positive charge as more chlorines are added, because the chlorines withdraw electron density. The majority of the charge comes from the carbon atom, which goes from having a negative partial atomic charge to a positive one along the series. A small amount of increase in the proton partial charge is also observed, consistent with the known hydrogen-bond donating capability of chloroform > dichloromethane > chloromethane > methane. The table also illustrates that the Löwdin population analysis does not yield qualitatively correct charges, especially for CCl 4 ; however, the trends in the Löwdin series are correct, which make a systematic mapping from Löwdin charges (as employed in CM4) a sensible procedure.
The last column of ≈ q Cl CM4 ; furthermore, q C NPA < q Cl NPA whereas q C CM4 > q Cl CM4 , where the latter relation is expected based on electronegativity. Although one must be careful to use partial charges for the purposes for which they were intended, in solvation models it is essential that partial charges yield realistic physical observables like electrostatic potentials need multipole moments. In this context, it is interesting to compare the dipole moments calculated from partial charges to the density dipole (1.63 D, see Table 9) obtained using MP2/aug-cc-pVTZ; CM4 charges give 1.67D while NPA charges give 2.21D. Tables 10 and 11 provide charges for nitrobenzene and phenol. The charges on the ring carbons at the ipso, ortho, and para positions are seen to vary by 0.05-0.08 when the substituent is changed from the electron withdrawing nitro group to the electron donating hydroxy group, but the charges at the meta position are changed by less than 0.01. The changes are such that in nitrobenzene the ortho and para CH groups become net positive (cf. benzene, where the CH groups are necessarily net uncharged; Table 8 ) while in phenol they become negative. Such behavior is in line with what would be expected from conventional resonance arguments in benzene rings substituted with electron-withdrawing and electron-donating groups, respectively. Note that while the hydrogens vary by 0.01-0.02 upon substitution, they are 0.02-0.03 less positive than in CM3, reflecting the more physical reduced polarity of CH bonds in the CM4 models.
Aromatic molecules
Fluoromethanol
Fluoromethanol is a small molecule that was the subject of a number of early theoretical studies because of the influence of the anomeric effect on its rotational coordinate. 60, 61 The anomeric effect, 62 also sometimes referred to as negative hyperconjugation or the Lemieux-Edwards effect, refers to the evident stabilization of conformers having gauche compared to anti dihedral angles associated with atomic linkages WXYZ, where W and Y are electronegative atoms with associated lone pairs, and X and Z may be any atoms but are most often H or Group 14 atoms. In fluoromethanol, W is F, X is C, Y is O, and Z is H, and the gauche conformer is indeed predicted to be substantially lower in energy than the anti conformer. 63 The effect has been invoked in the conformational analysis of many different organic and inorganic systems, 64 and is usually rationalized as deriving from stabilizing delocalization of lone-pair density on atom Y into the low-energy σ* virtual orbital associated with atoms W and X. The overlap between the relevant orbitals is maximized for the gauche conformation, and in the limit of full negative hyperconjugation this delocalization has sometimes been called double-bond-no-bond resonance 65 ( Figure 3 ).
Given this electronic structure description, one might expect to see polarization in the gauche conformer associated with a transfer of negative charge from oxygen to fluorine.
This effect has been analyzed in terms of partial atomic charges in other systems exhibiting anomeric delocalization, 66 and we here examine a variety of charge models for the particular case of fluoromethanol (Table 12) .
Considering the various models, the first issue meriting discussion is the poor performance of the NPA charges for the prediction of the molecular dipole moment. The 
Concluding Remarks
The partial charges calculated by Charge Models 4 and 4M (CM4 and CM4M) are stable and realistic and should be useful for parameterization of force fields, or for direct use in molecular mechanics calculations where partial atomic charge parameters are lacking. CM4 and CM4M charges should also be useful for representing molecular charge distributions in solvation models, particularly because their simple algorithmic dependence on Hartree-Fock or Kohn-Sham density matrix elements, through population analysis, permits their straightforward inclusion into self-consistent reaction field models. Finally, the CM4 and CM4M models provide a balanced and chemically intuitive framework within which to discuss intramolecular charge polarization effects. Figure 1 . Atom labels in phenol. 
